Abstract--Sedimentary zeolites clinoptilolite, mordenite and erionite occur as diagenetic products of ash falls of rhyolitic composition from the Oligocene Chichindaro Formation at the limits of the Mexican Volcanic Belt with the Mexican Highland. These zeolitic ruffs were formed from open hydrologic environments where rhyolitic glass altered to clinoptilolite + opal-C and to clinoptilolite + mordenite + erionite + opal-C. The process of diagenesis was hydrolysis associated with the removal of SiO2, K20, and Na20 from the rhyolitic precursor and enrichment of Al203, MgO, and CaO. The crystallization of clinoptilolite occurs at ratios of SiOJA1203 between 4.91 and 7.14 and (K20 q-Na20)/(MgO + CaO) from 2.19 to 0.79. Formation of clinoptilolite appears to be directly from glass and through a vitreous proto-zeolite intermediate. The zeolitic tuff is in contact with a vitric tuff where ash falls were devitrified to K-feldspar and diagenetically altered to smectite + opal-C.
INTRODUCTION
The La Bufa (Eocene-Oligocene) and Chichindaro (Oligocene) formations are rhyolitic tufts that are exposed in the southern part of the state of Gnanajuato, central Mexico, between the physiographic provinces of the Mexican Highland and the Mexican Volcanic Belt (Ortega et al. 1992) . The turfs are of mineralogical and geochemical interest by virtue of their zeolites and their relation to the precursor pyroclastics, diagenetic fluids and hydrologic environment. The units represent the first discovery of sedimentary zeolites for this part of the country, which is an important industrial, mining, farming and ranching area with relevant environmental problems imposing economic interests on zeolites and their applications. This study presents the mineralogy, geochemistry, petrology and paragenesis of the zeolite deposits. Emphasis will be placed on the reactions involving the transformation of rhyolitic glass to zeolites in an open hydrologic environment and the effects of diagenetic fluids on precursor turfs.
Previous Work
The geology of sedimentary zeolites have been reviewed by several authors (Hay 1963 (Hay , 1966 (Hay , 1977 (Hay , 1978 Walton 1975; Hay and Sheppard 1977; Surdam 1977; Tsolis-Katagas and Katagas 1989; Altaner and Grim 1990; Sheppard 1991; Lander and Hay 1993) . In Mexico, the known localities of sedimentary zeolites are limited to those from the Miocene Suchilquitongo formation in the state of Oaxaca (Wilson and Clabaugh 1970; Mumpton 1973 Mumpton , 1975 de Pablo-Gal~in 1986) and from the state of Sonora (Gonz~lez-Sandoval 1987; Samaniego 1987 ). However, the intense Tertiary volcanism that produced extensive deposits of pyroclastics allows the authors to expect more zeolite localities than those presently recognized (de Pablo-Gal~n 1979) . This paper attempts to contribute to the knowledge of zeolites and is based on a study of tufts from the Oligocene Chichindaro Formation. In addition to its mineralogical and geochemical interest, these zeolites may have economic value because of their cationic selectivity and exchange capacity, which are applicable to industrial processes, agriculture, animal feed and environmental control (Mumpton 1977) .
The zeolitic tufts discussed are located in the southern portion of the state of Guanajuato, central Mexico, between the 20052 ' and 21~ latitude and the 101001 ' and 101~ longitude. The area of interest covers about 1800 km 2. The tufts outcrop for 23 km along Highway 45 between the cities of Juventino Rosas and Guanajuato. The tufts are well exposed along Highway No. 45, the La Trinidad creek, the Cerro del Sombrero and the River Guanajuato. The area is located within the physiographic subprovince of the Bajfo Guanajuatense or Guanajuato Lowland in the province of the Mexican Volcanic Belt, limited to the north by the Mexican Highland and to the northeast by the Sierra Madre Oriental. It is characterized by alluvial plains, sierras of low slopes, mesas and basins filled with volcanics (Echegoyen-S~inchez 1970) . To the west and northwest of the tuff outcrop are the continental clastics of the Paleocene-Eocene Red Conglomerate and to the south the Quaternary basalts. The area is largely covered by Tertiary lava flows and tufts of rhyolitic composition and an extrusive sequence of andesite. The Quaternary geology is characterized by lava flows and scoria of basaltic composition. The area is drained by the Guanajuato and La Trinidad rivers flowing NE to SW. Field data suggest that pyroclastic material was deposited in a lacustrine environment. Subsequent diagenetic reactions formed the zeolitic tuffs that outcrop at elevations from 1962 to 2182 m (Figure 1) .
The oldest rocks in the region, which do not outcrop in this area, are the Esperanza Formation (TriassicJurassic) and Las Trancas Formation (Upper Jurassic) (Figure 2 1973a , 1973b , 1973c de Csema-Gombos 1975; L6pez-Ramos 1985; Nieto-Samaniego 1990 ; Consejo de Recursos Minerales 1992).
EXPERIMENTAL

Sampling and Analytical Methods
The zeolitic tuffs were collected at various localities and elevations between the cities of Guanajuato and Juventino Rosas along Highway 45. A total of approximately 100 samples were collected but the analytical data are presented from only those that were the most representative. The localities, stratigraphic units, and lithology are indicated in Table 1 .
Thin sections of the bulk samples were studied by optical microscopy utilizing oil-immersion methods to identify the minerals and their paragenesis. The authigenic minerals were identified by X-ray diffraction (XRD) using a Siemens D5000 diffractometer equipped with filtered CuKet radiation, scanning at 1 ~ over the range 4 to 60 ~ The clays were solvated by adding ethylene glycol directly to the sample. The relative abundance of minerals was estimated from optical, diffraction and electron microscopy studies. The abundance of clinoptilolite was determined from the intensity of d020 = 8.95 .~, using as reference clinoptilolite concentrated with a mixture of bromoform plus acetone from the sampled material. This reference did contain minor glass that could not be loosened by ultrasonic agitation from the intimately associated zeolite. Opal-C was quantified with reference to d101 = 4.04 _~, which is broader and less intense for opal than it is for cristobalite devitrified from glass. To differentiate clinoptilolite from heulandite, the samples were heated overnight at 500 ~ and analyzed by XRD. Those samples that did not show changes other than minor variations in the intensity of the characteristic peaks were classified as clinoptilolite (Mumpton 1960; Boles 1972; Minato et al. 1985) . The chemical composition of the tuffs was determined by X-ray fluorescence (XRF) of pressed powders. The Na and Mg were measured by wet chemistry procedures. Loss of ignition was determined at 850 ~ for material previously dried at 60 ~ and total Fe is reported as Fe203. Microtextural relations, crystallization and composition of minerals were determined from flat unpolished specimens by scanning electron microscopy (SEM) coupled with a Kevex energy dispersive spectrometer (EDX) calibrated with rhyolitic glass, feldspar and kaolinite reference materials. The compositions obtained by this technique are considered semi-quantitative, useful in establishing SiO2/A1203 and other ratios and to have alternative modes of identification. Infrared absorption spectrometry (IR) was applied to identify adsorbed H20, oxhydrils and ionic substitutions. A Perkin Elmer 783 double beam spectrometer was operated at a scanning speed of 1000 cm Vmin from 4000 to 2000 cm -1 and at 500 cm l/rain between 2000 and 200 cm-1 wavenumbers on material dried at 60 ~ and pressed into KBr discs.
RESULTS
Stratigraphy and Lithology
The dominant lithologies for the area are the ignimbrite of the La Bufa Formation, the rhyolite and its tuffs of the Chichindaro Formation, the andesite flows of the Cedros Formation and the Quaternary basalt Table 1 , sample 1). It is grayish pink, relatively hard, dense and coarse. Pyroclastic crystals consist of quartz (10%), sanidine (5%), traces of biotite and magnetite in a partially devitrified vitreous matrix. Glass shards represent about 35% of the rock. Glass is devitrified to cryptocrystalline K-feldspar (20%) and opal-C (30%) ( Table 2 ). The composition is rhyolitic with ratios of SiOJA1203 (6.81) and (Na20 + K:O)/(MgO + CaO) (7.44), which are similar to those of the overlying Chichindaro rhyolite (Tables 3 and 4 Nacional (1973a Nacional ( , 1973b Nacional ( , 1973c and Consejo de Recursos Minerales (1992) . The zeolitic tufts studied crop along Highway 45 between the cities of Guanajuato and Juvenile Rosa. Location and extension are given as the distance in kilometers from Guanajuato to Juventino Rosas along Highway 45.
de Pablo-Gal~in and Ch~vez-Garcfa 1 Mineralogy determined by X-ray diffraction (XRD) and microscopy. Numbers represent estimated mineral abundance in weight percent. Key: C1 = clinoptilolite; Mo = mordenite; Er = erionite; Sm = smectite; Op = opal-C; Q = quartz; Kf = K-feldspar; Sa = sanidine; P1 = plagioclase; Bi = biotite; and G1 = glass.
Clays and Clay Minerals
plays weak OH stretch vibrations that are associated with Si-OH silanol groups presumably from glass or from opal (Table 5) .
CHICH~NDARO FORMATION. The Oligocene Chichindaro Formation is differentiated into three subunits. The lowest one is represented by the rhyolite flows that occur at an elevation of 1860 m 59.1 km SE from Guanajuato along Highway 45 and at 2170 m and 42.3 km (Figures 1 and 3 ; Table 1 , samples 2, 3 and 9). It is brick red, fiuidal, compact, dense, hypocrystalline and hypidiomorphic porphiritic with phenocrysts of quartz (40%), sanidine (40%), albite (10%) with Carlsbad law, albite twining, traces of biotite and secondary smectite (5%) ( Table 2 ). The chemical composition is potassic with the SiOJA120 3 and the (Na20 + K20)/(CaO + MgO) ratios analogous to those of the underlying welded tuff from the La Bufa Formation (Tables 3 and 4 ; Figure 5 ). The IR data indicate that this rhyolite does not contain H20 but it has weak OH vibrations from silanol groups possibly associated with their minor contents of glass or smectite (Table 5) Table 1 , samples 11 and 12) represents the second subunit of the Chichindaro Formation. It is beige to light pink, light and coarse. Pyroclastic minerals are quartz (5%), plagioclase (<5%), with traces of sanidine. Bubble-wall glass and shards constitute 20 to 40% of the matrix. K-feldspar represented 5 to 10% and is attributed to pre-diagenetic devitrification of the glass. The tuff has been altered to smectite (30%) and opal-C (10%) at higher elevation and to smectite (25%), opal-C (30%) and clinoptilolite (10%) at lower altitude close to the contact with the zeolitic tuff (Table 2). Chemical data indicate that the tuff has less SiOz and Na20 + 1(20, more A1203 and CaO + MgO, and lower SiOJA1203 and (Na20 + K20)/(CaO + MgO) ratios than the underlying rhyolite (Tables 3 and  4 , Figure 5 ). IR analysis shows association of adsorbed H20 and intense OH stretch vibrations (Table 5) Table 1 , samples 4, 10, 13 to 17). It is light yellowish green to gray, light, containing pyroclastic quartz (5%), sanidine (5%), plagioclase (<5%) and traces of biotite. Bubble-wall glass and shards are largely devitrified to rosettes of zeolite with about 10-30% of the glass undevitrified. The principal authigenic mineral is clinoptilolite, which represents from 45 to 75 weight% of the rock and is associated with opal-C (5-20%). Mordenite and erionite occur at an elevation of 2010 m within a silicic low A120 3 bed ( Table 2) . The SiO2/A120 3 ratios calculated from the chemical data are between 5.05 and 7.14 and the (Na20 + w  11  3590  3400  1625  1030  787  720  695  525  i  i  i  ib  w  m  w  w  12  3600  3420  1625  1210  1030  787  695  528  i  i  i  wsh  ib  i  w  w  13  3600  3420  1625  1200  1070  785  725  600  528  i  i  m  wsh  ib  w  i  m  w  14  3600  3420  1625  1200  1050  785  725  600  m  m  m  wsh  ib  i  w  m  15  3600  3420  1625  1200  1035  787  600  535  i  i  i  wsh  ib  m  m  w  16  3600  3420  1625  1200  1060  785  720  600  i  i  i  msh  ib  m  w  m  17  3600  3420  1625  1200  1050  785  725 KgO)/(CaO + MgO) ratios range from 0.80 to 2.10, that are lower than those of the underlying rhyolite and cover a larger span (Tables 3 and 4 ; Figure 5 ). Their high ignition loss includes adsorbed molecular H20 and structural OH, both confirmed by intense absorption bands from the IR (Table 5) .
CEDROS FORMATION. The Upper Oligocene-Lower Miocene Cedros Formation outcrops at elevations of 2035 m 50.4 km SE of Guanajuato (Figures 1 and 3 ; Table  l , sample 5). It is an andesite, dark gray, hard, dense, microcrystalline, porphyritic and fluidal. It contains andesine (50%), sanidine (10%), biotite (10%), accessory quartz, olivine, hornblende, pyroxene and magnetite.
QUATERNARY VOLCANISM. The Quaternary volcanism is characterized by the basalt flows that occur at an elevation of 2120 m 48.7 k m SE of Guanajuato (Figures  1 and 3 ; Table 1 , sample 7). It is an olivine basalt, dark gray, hard, dense and microcrystalline. Its mineralogical assemblage is anorthite (50%), augite (10%), olivine (10%) and accessory magnetite, hematite and apatite.
Authigenic Mineralogy
The authigenic minerals are clinoptilolite, mordenite, erionite, opal-C, K-feldspar, smectite and quartz. ZEOLITE MINERALS. Clinoptilolite occurs as well-formed platy and block crystals that are from 7 to 10 txm long and 3 to 5 I~m wide. It replaces glass and is evenly distributed throughout the zeolitic tuff of the Chichindaro Formation (Figure 6 ). It is the principal mineral representing from 45 to 75% weight of the tuff. It is associated with an estimated 25% unaltered glass, 10% opal-C and 8% of pyroclastic quartz, sanidine, albite and biotite. It does not occur within the welded tuff of the L a Bufa Formation. In the vitric tuff unit of the Chichfndaro Formation, it appears only as a minor constituent and is associated with smectite and opal-C from material collected close to the contact with the zeolite tuff. SEM data indicate that clinoptilolite is also formed from a proto-zeolite precursor. The precursor appears as irregular vitreous parallel or radiating lamellae that often terminate as straight edges and is associated with crystallites of clinoptilolite (Figures 6b, 7, and 8b ).
This clinoptilolite is stable to 500 ~ with only minor reduction in the intensity of the diffraction peaks. The composition (Table 6) , determined by EDX, calculated for a 72 oxygen cell (Breck 1974; Alberti 1975; Alieti 1972) corresponds to the formula: (Sio.99Alo.0102)3o(A1 l.o9Feo.0102)6(Nao.07Ko.34Cao.loMgo.o7)6
• H 2 0
Mordenite occurs in the form of thin fibers less than 0.5 ~m in diameter and 15 Ixm long. It is associated with clinoptilolite and erionite from the tuff occurring at an elevation of 2010 m (Table 1, sample 14) . Some fibers appear to be pseudomorphic after bubble-wall glass (Figure 7) . The composition of the mineral (Table 6) calculated to a 72 oxygen cell conforms to the formula: (Sio.99Alo.olO2)3o(All.ozFeo.o402)6(Nao.o9Ko.14Cao.lsUg0.14)6
• HzO.
T h e Si/A1 ratio is 4.88 and is higher than the 4.51 value obtained for clinoptilolite. S E M studies indicate that this mordenite m a y have crystallized both from solutions and from glass rather than from precursor clinoptilolite.
Erionite occurs as a thick fibrous mineral associated with mordenite and clinoptilolite from the zeolitic tuff at an elevation of 2010 m (Figure 7) .
Opal-C spheres about 10 p,m in diameter and blades of cristobalite e m b e d d e d in glass from the zeolitic tuff are conspicuous from the S E M studies (Figures 6 and  8) . It is also an important constituent of the vitric tuff where it is associated with smectite. In the welded tuff of the La Bufa Formation, it was devitrified from glass and appears with K-feldspar. Its chemical composition indicates that it retains minor concentrations of A1, Fe and alkali ions, which could also be in the form of intimately associated glass (Table 6) .
Approximately 5% smectite occurs in the rhyolite and 20-25% in the vitric tuff. It is associated with opal-C or with opal-C + clinoptilolite (sample 12). It is not found in the zeolitic tuffs. It is characterized by a weak (001) reflection at 15.5 2~, which expands to 17.5 ,~ upon solvation. The (060) reflection at 1.495 ,~ is weak and broad, which corresponds to a dioctahedral smectite.
Cryptocrystalline K-feldspar is identifiable from the devitrified bubble-wall glass and shards within the welded tuff and the vitric tuff, which are different from the pyroclastic sanidine phenocrysts common to these rocks and is interpreted as authigenically formed.
Bubble-wall glass and shards are unaltered, pitted or partially altered to clinoptilolite, mordenite and erionite (Figures 6, 7, 8 and 9 ). The bubble wall glass and shards concentrations range from 10 to 40%. They have a refractive index below 1.51 and a composition that corresponds to a rhyolitic glass (Table 6) .
Quartz occurs authigenic within the vitric and zeolitic tuffs. It is characterized by its saccaroidal microtexture and undulatory extinction, which is distinct from pyroclastic quartz.
DISCUSSION Diagenetic Facies
Two different lithologic units are considered in the discussion of the diagenetic facies. One, which does not correspond properly to a diagenetic facies, is represented by the welded tuff of the La Bufa Formation that contains pyroclastic quartz, sanidine, a minor quantity of biotite and rhyolitic glass devitrified to K-feldspar + opal-C. The unit depicts a pre-diagenetic process of devitrification, prior to the diagenetic changes that occurred within the overlying Chichindart Formation. The absence of water and diagenetic smectite or zeolite from the La Bufa Formation confirms a mechanism of devitrification rather than a process of diagenetic alteration.
The second lithoiogic unit is the Chichindaro Formation with its rhyolitic, vitric tuff, and zeolitic tuff subunits. In the rhyolite, glass appears slightly altered to smectite + opal-C. This indicates minor diagenesis within a lacustrine environment and defines the sequence rhyolitic glass ~ smectite + opal-C. In the vitric tuff, glass is equally transformed to smectite + opal-C with some K-feldspar resulting from pre-diagenetic devitrification. Close to the contact with the zeolitic tuff, the association of minor clinoptilolite with smectite is attributed to microenvironmental changes rather than to a transformation from one into the other. In the zeolitic tuff, principal clinoptilolite resulting from the reactions rhyolitic glass ~ clinoptilolite + mordenite + erionite + opal-C and rhyolitic glass --* clinoptilolite + opal-C.
Paragenesis of Diagenetic Minerals
The sequences of crystallization are: 1) rhyolitic glass --* K-feldspar + opal-C; 2) rhyolitic glass --, Figure 9 . Scanning electron micrographs of: a) unaltered glass rods; b) glass transformed into irregular parallel vitreous lamellae of proto-zeolite; and c) altered and pitted glass and clinoptilolite. Sample 10. The horizontal bar represents 10 p~m. Key: C1 = clinoptilolite; Pz = proto-zeolite; and G1 = glass.
smectite + opal-C; 3) rhyolitic glass --~ clinoptilolite + opal-C; and 4) rhyolitic glass --~ clinoptilolite + mordenite + erionite + opal-C. Similar sequences have been identified from other sedimentary deposits (Surdam 1977; Hay and Sheppard 1977; Altaner and Grim 1990; Sheppard 1991) . The first reaction corresponds to a process of devitrification of glass from the precursor ash fall. The other reactions depict diagenetic events under normal atmospheric conditions. Alteration of a rhyolitic precursor at high temperature and water vapor pressure under a "geoautoclave" effect does not appear to have formed in the present case.
Geochemistry of Zeolite Diagenesis
The data presented indicates that the zeolitic and vitric turfs were formed from a precursor ash fall of rhyolitic composition. The most stable components for this zeolite system are A1203, which averages 11.77% for the rhyolite, 13.17 for the vitric tuff, and 11.91% for the zeolitic tuff. The Fe203 content is 1.34%, which is nearly equal for the three units and confirms the alkaline diagenetic environment. The relations between the various components and A1203 readily discriminate the welded tuff of the La Bufa Formation and the overlying rhyolite of the Chichfndaro Formation from the vitric and zeolitic tufts of the Chichfndaro Formation (Figure 10 ). The data show that these two units are chemically alike and that the tuffs have about equal Fe:O3, less SiO:, K20 and Na20 and more MgO, CaO and H:O than their rhyolitic precursor (Figure 11 ). In the zeolitic tuff, clinoptilolite forms at compositions changing from 10.38 to 13.21% A1203 and between 74.15-64.90% SiO2, 0.97-1.59% MgO, 2.29-1.49% CaO, 2.20-5.20% K20, 0.80--1.50% Na20, 1.34% Fe203 and 6.28-10.56% H20. Essentially linear correlations occur between A1203 and the remaining constituents. Low A1zO3 clinoptilolite-containing tuff is associated with high SiO 2, MgO and CaO, and low K:O, NazO and H20 contents whereas high AlzO 3 clinoptilolite tuff has low SiO 2, MgO and CaO, and high Na20, K20 and H20 contents ( Figure  10 ).
The vitric tuff contains 65.94% SiO 2 and the zeolite tuff 69.55%, which is less than the 74.33% of the rhyolite. The CaO changes threefold from an average of 0.63% for the rhyolite to 1.69% for the vitric tuff and 1.96% for the zeolitic tuff. The MgO increases from 0.61% to 1.30% and 1.24%. The K20 decreases from 5.86% to 2.80% and 3.51% and the Na20 from 2.70% to 1.65% and 1.14%. The SiO2/Al203 and SiO2/Fe203 ratios are lower and A1203/FezO 3 higher for the vitric tuff than for the zeolitic. The MgO/A1203 and MgO/Fe203 and CaO/A1203 and CaO/Fe203 are approximately equal for both turfs, two to three times higher than for the rhyolite. The K20/A1203 and K20/Fe203 and Na20/A1203 and Na20/Fe203 ratios are about the same and approximately half of what they are in rhyolite.
The change from the rhyolitic precursor to the zeolitic tuff is more sensitive to SiO 2 and less to the other constituents making the process one of hydration and desilication. The XRD patterns depict that the formation of clinoptilolite from the rhyolitic precursor for this system is associated with: 1) reduction of the contents of SiO 2 and proportional enrichment of A1203 while FezO 3 stays essentially constant; 2) reduction of K20 and Na~O and increase of MgO, CaO and H20 or the inverse behavior of Na20 and K20 relative to MgO and CaO; 3) compositional SiOJAI~O 3 ratios between the limits 4.91 to 7.14 and (K20 + Na20)/(MgO + CaO) ratios from 2.19 to 0.79. The compositions of clinoptilolite and mordenite (Table 6 ) with relatively Figure 11 . Composition of welded tuff of the La Bufa Formation and rhyolite, vitric and zeolitic tufts of the Chichfndaro Formation in the system Na20-(CaO + MgO)-K20.
high contents of K20 and CaO confirm high activities for these elements (Hay and Sheppard 1977; Bowers and Bums 1990) . The sequence of crystallization clinoptilolite-mordenite-erionite may imply a local, more alkaline environment (Mariner and Surdam 1970; Sheppard 1991) . Clinoptilolite forms directly from the rhyolitic bubble glass and shards, and from a "protozeolite" vitreous intermediate phase.
The zeolitic tuff contains opal-C from 5% for the most zeolitized material to 20% for the least one. This opal-C accommodates 0.20% 1(20 and 0.48% Na2 O in its structure (Table 6 ). The contents of opal and alkalis associated with zeolite appear to be less than expected from the desilication of the rhyolitic precursor. Consequently, some must have been lost from the system. This, associated with the absence of smectite in the zeolite tuff, leads to conclude that diagenesis was in an open hydrologic system.
The vitric tuff has more A1203, MgO and Na20, and less SiOz, CaO and I(20, and equal Fe203, than the zeolitic tuff. The diagenesis follows the same patterns as that for zeolite (Figures 10 and 11) . The data depict diagenetic alteration to smectite and opal-C from a closed lacustrine environment of different alkalinity. The association of K-feldspar from devitrified glass and the coarser texture of the vitric tuff point toward additional devitrification and possible differences in hydrology.
The role of H20 in the formation of zeolites is wellknown (Hay 1966 (Hay , 1977 Surdam 1977; Lander and Hay 1993) . Infrared absorption studies show that the H-O-H bending frequency of the H20 molecule at 1625 cm -~ does not occur for the welded tuff of the La Bufa Formation or the Chich/ndaro rhyolite. Whereas, for the vitric tuff and the zeolitic tuff, it appears intense and well-defined. The data support that diagenesis did not occur within the La Bufa Formation and that embodied K-feldspar and opal-C resulted from devitrification of the rhyolitic glass. For the rhyolite, devitrification did not take place but there was very minor diagenesis that resulted in the formation of smectite. Much to the contrary, the IR data confirm that H20 was essential for the alteration of the glass and crystallization of smectite and clinoptilolite from the vitric and zeolitic tuffs.
For the OH-stretch region, H-bonded OH stretch occurs at 3600 and 3420 cm -~ weak and broad for the welded tuff and rhyolite and intense for the vitric and zeolitic tuffs. They imply structural silanol Si-OH groups for opal-C and glass from the welded and vitric tuffs for smectite and zeolite from the latter. This is confirmed by the intense (SiSi)O-OH and weak (SiAl)O-OH vibrations at 787 and 720 cm-L They are not assigned to octahedral A1-OH-A1, A1-OH-Mg or AI-OH-Fe groups because the A1-OH-A1 bending vibrations at 822 and 755 cm -1 or the Mg-OH-Mg bending vibrations at 670 and 650 cm -~, were not identified from the present samples (Farmer 1974; Shirozu 1980; Bergaya et al. 1985; Shirozu and Ishida 1982) .
The Si-O-Si asymmetric stretch at 1095 and 1035 cm -l from the welded tuff and at 1140 and 1030 cm -1 from the rhyolite coincide with the vibrations that typify quartz (Salisbury et al. 1991) . For the zeolitic tuff, the stretch occurs at 1060 cm -~ and at 1030 cm -1 for the vitric tuff. The vibrations at 1095 and 1035 cm -~, characteristic of A1-O and Si-O for the welded tuff, are displaced to 1060 cm -~ for the zeolitic tuff pointing to predominance of tetrahedral Si groups over tetrahedral AI groups and no octahedral. Si-O-Si symmetric stretch is represented by vibrations at wavelengths from 792 to 637 cm -~, which are insensitive to structural variations. Vibrations assigned to double 4-and 6-rings reported to occur for some zeolites in the range 650 to 500 cm ~ (Breck 1974) are displaced for the present case and occur in the rhyolite as well. Those vibrations recorded at 1200 Those vibrations recorded at , 1050 and 475 cm -1 have been assigned to mordenite, heulandite and clinoptilolite (Salisbury et al. 1991) .
CONCLUSIONS
A sizable deposit of clinoptilolite in the form of zeolitic tuff containing an average 65% of the mineral, which may have economic significance for certain applications, has been located within the limits of the Mexican Volcanic Belt with the Mexican Highlands in the state of Guanajuato, Mexico.
The zeolitic tuff represents the upper limit of the Oligocene Chichindaro Formation. Clinoptilolite is the principal zeolite and is associated with mordenite and erionite in one particular location. They were formed by diagenetic alteration of rhyolitic ash falls from an open hydrologic environment. The zeolitic tuff is in contact with a vitric tuff where devitrification of the ash formed minor K-feldspar, and posterior diagenesis resulted into smectite and opal-C for a lacustrine setting. The Chichfndaro Formation overlies the welded tuff of the Eocene-Oligocene La Bufa Formation where rhyolitic glass appears devitrified to K-feldspar + opal-C. The diagenetic facies are: 1) smectite + opal-C; 2) clinoptilolite + opal-C; and 3) clinoptilolite + mordenite + erionite + opal-C.
The alteration of rhyolitic glass to clinoptilolite, mordenite and erionite is associated with reduction of SIO2, K20 and Na2 O, proportionally increasing the contents of A1203, MgO, CaO and H20, Fe203 remains constant. Part of the SiO2 removed from the glass is in the form of NaK-containing opal-C associated with the zeolite. When the alteration was to smectite, higher concentrations of opal-C and chemical constituents remained associated with smectite. Formation of zeolite appears to occur when the ratio SiOJA1203 is between 4.91 and 7.14 and the ratio (K20 + Na20)/(MgO + CaO) remains from 2.19 to 0.79. Infrared absorption data confirms that diagenesis is a process of hydration on the rhyolitic glass.
